We report the study of the isomeric selective OH-initiated oxidation of 1,3-butadiene in the presence of O 2 and NO using the LP/LIF technique. The photolysis of monodeuterated 1-iodo-3-buten-2-ol provides only one of the possible OD-butadiene adducts, the minor addition channel product, simplifying the oxidation mechanism. We find, based on analysis of OD time-dependent traces that prompt rearrangement of initial -hydroxyalkyl radicals to R-hydroxyalkyl radicals occurs in agreement with RRKM/ME theoretical predictions. We report a rate constant of (3.3(1.0) × 10 -11 cm 3 molecules -1 s -1 for deuterium abstraction from the R-hydroxyalkyl radical at 298 (2 K. Our approach demonstrates the feasibility of isomeric selective kinetic studies of the OH-initiated oxidation of unsaturated hydrocarbons.
I. Introduction
There is considerable interest in the atmospheric oxidation of unsaturated hydrocarbons due to their role in ozone production, aerosol formation, and acid rain. 1 Although significant progress has been made toward unraveling the detailed mechanisms of OH-initiated oxidation, questions persist. In the case of larger unsaturated hydrocarbons, like isoprene, the electrophilic addition of OH results in multiple radical isomers. Often the number of intermediate species increases following the reaction with O 2 and further branching can occur during subsequent steps on the way to first generation end products. Although recent ab initio studies 2-9 have made a substantial impact in providing a priori predictions of these branching ratios in isoprene oxidation, direct experimental confirmation is unavailable. Recent kinetic studies have relied on OH regeneration to infer information about the isomeric branching. [10] [11] [12] [13] [14] Analysis of the results suggests qualitative agreement with theoretical predictions but the complexity of the reaction systems has precluded a quantitative comparison. To date all of the kinetic data reflect "lumped", nonisomeric selective, rate constants. Direct measurements of the intermediates using either chemical ionization mass spectrometry 15 or transient absorption have also been unable to extract isomeric specific rate constants and branching ratios. Zalyubovsky and co-workers have recently demonstrated the feasibility of using cavity ring-down spectroscopy on the resolved A-X transition of peroxy radicals to obtain selective detection. 16 In those studies, the peroxy radicals were generated via reaction of a hydrocarbon with OH in the presence of O 2 . As the hydrocarbons become more complex and the resulting number of isomers increases, however, the spectroscopic assignments will be challenging. Ideally one would like to isolate the isomers and thus simplify the ensuing kinetics. In addition to making kinetic studies more tractable, isomeric selective studies permit the investigation of minor, yet important, channels that are difficult to study in the presence of major channel kinetics. The photodissociation of a suitable precursor can, in principle, provide a route to the formation of a single isomer.
In the present study, we focus on the photolytic production of one of two possible isomers following OH reaction with 1,3-butadiene, the addition of OH to the inner carbons, to demonstrate the feasibility of this approach. It is expected that this is the minor channel, based on the analogous methyl-substituted butadiene (2-methyl-1,3-butadiene) [2] [3] [4] [17] [18] [19] [20] where there is preferential addition of OH to one of the terminal carbons. There are several requirements which must be considered prior to selecting a photolytic precursor. The photodissociation should have an appreciable absorption cross-section at the photolysis wavelength and result in a single product channel with near unity quantum yield. There is an additional, more subtle, requirement, which is particularly relevant in the present study. The thermal addition of OH to 1,3-butadiene results in a highly activated radical with internal energy in excess of the exothermicity of the reaction. Thus, to mimic subsequent reactivity of these radicals under thermal conditions, the photolytic route must result in a nascent energy distribution consistent with thermal activation. Halogenated compounds are suitable precursors since excitation in the UV/vis region typically involves an n f σ* transition on the C-X moiety resulting in prompt dissociation of this bond. Given the relative bond strengths of the carbonhalogen bonds, the location of the corresponding absorption maxima in the UV/vis region, and the energy partitioning predicted for a direct dissociation on a repulsive potential, 21 we find that the iodine-substituted compounds are ideal. To this end, we have synthesized the photolytic precursor, 1-iodo-3-buten-2-ol (1) . Photolysis at 266 nm should produce activated -hydroxyalkyl radical 2a, one of the two possible adducts following OH addition to 1,3-butadiene. We are particularly interested in this radical due to the cyclic rearrangement pathway, which leads to an R-hydroxyalkyl radical. Although this isomerization pathway, 3-exo-trig, is well-known in solution, 22 to our knowledge, the first discussion of this chemistry in the gas phase appeared in the context of isoprene oxidation, as the result of addition of OH to conjugated, unsaturated hydrocarbons. 23 The reaction of R-hydroxyalkyl radicals with O 2 proceeds via hydrogen abstraction, resulting in carbonyls and HO 2 , whereas the dominant fate of -hydroxyalkyl radicals in the presence of O 2 is addition to yield peroxy radicals. [24] [25] [26] [27] The present paper coalesces the results of several computational and experimental studies, each of which plays a vital role in demonstrating the viability of this approach. Velocity map ion imaging (VELMI) experiments are used to determine the nascent energy distribution of the -hydroxyalkyl radicals (Section IIIA). The energetics of the isomerization reaction are evaluated using quantum chemical calculations, and the final branching ratios between the -hydroxyalkyl and R-hydroxyalkyl radicals are determined using RRKM theory coupled with the master equation formalism (Section IIIB). Finally, the kinetics of the OD formation in the presence of O 2 and NO has been studied using the LP/LIF technique. The results confirm a significant yield of R-hydroxyalkyl radicals and provide a 298 ( 2 K rate constant for the R-hydroxyalkyl radical reaction with O 2 (Section IIIC). This proof-of-principle study demonstrates the feasibility of isomeric selective kinetic studies of the OHinitiated oxidation of unsaturated hydrocarbons.
II. Experimental Section
The synthesis of 1-iodo-3-buten-2-ol was based on an approach to iodohydrins reported of Ishii et al. 28 Identification and purity of the sample was confirmed by comparison of NMR spectra with the report of Masuda et al. 29 Monodeuteration of the sample was achieved by shaking 1-iodo-3-buten-2-ol in an ether/D 2 O mixture.
The photodissociation dynamics of 1-iodo-3-buten-2-ol at 266 nm were studied using velocity-map imaging. 30 Details of the apparatus will be presented elsewhere. 31 Briefly, a pulsed molecular beam of 1% 1-iodo-3-butene-2-ol in He (1 atm) was collimated by a conical skimmer and crossed at 90°by the focused output of a tunable pulsed laser beam. A single color near 266 nm was used for both photolysis and state-selective ionization of the iodine atom photofragments using 2+1 resonance-enhanced multiphoton ionization (REMPI). 32 The light near 266 nm was generated by doubling the output of an Nd:YAG (Spectra-Physics LAB-150-10) pumped dye laser (LAS). The resulting ions were accelerated the length of a 50 cm flight tube and detected by a 40 mm diameter dual microchannel plate (MCP) coupled to a phosphor screen assembly. The MCP plates were gated to collect only m/z 127. Images were collected with a fast scan charge-coupled device camera and integrated using a data acquisition system. A PMT assembly was used to measure ion arrival times in order to select the timing gate of the MCP.
The detailed description of the laser photolysis/laser-induced fluorescence (LP/LIF) experiments has been reported elsewhere 3, 12 and only the essential features are described. The kinetics experiments were performed on the monodeuterated sample and OD was probed to eliminate ambiguous assignment of the origin of OH formation. However, experiments employing 1-iodo-3-buten-2-ol or monodeuterated 1-iodo-3-buten-2-ol, and probing either OH or OD formation, respectively, exhibited almost identical time-dependent behavior at early times (i.e., in the first 80 µs). The unfocused 266 nm beam from an Nd: YAG laser (Spectra Physics GCR-150-10) was used to photolyze 1-iodo-3-buten-2-ol. The LIF technique was used to monitor OH or OD excited on the Q 1 (1) transition of the ArX(1,0) vibrational band near 282 or 287 nm, respectively, using the BBO-doubled output of a pulsed dye laser (Quantel TDL-51) running Rhodamine 590 pumped at 532 nm by an Nd:YAG laser (Spectra Physics GCR-150-10). Each fluorescence decay was averaged over multiple shots and integrated. The repetition rate of the lasers was set at 10 Hz and the delay between photolysis and probe lasers was controlled by a digital delay/ pulse generator (SRS, DG-535). The 1-iodo-3-buten-2-ol was introduced into the cell as a mixture with argon. Both the NO (Aldrich, 98.5%) and the O 2 (BOTCo, 99.6%) were buffered with argon in 5-L bulbs to known concentrations and were introduced into the cell through flow meters. The NO was purified to remove HONO and NO 2 impurities by passing it through an ascarite trap prior to mixing with argon. The concentration of NO in the reaction cell was varied from 2.99 × 10 14 to 1.30 × 10 15 molecules cm -3 and the concentration of O 2 in the reaction cell was varied from 4.20 × 10 14 to 1.69 × 10 15 molecules cm -3 . Several experiments were run with fixed concentrations of 1-iodo-3-buten-2-ol at room temperature (298 ( 2 K) while the concentration of NO or O 2 was varied. The total pressure in the cell was maintained at 50 Torr by buffering with argon.
III. Results and Discussion
A. Ion Imaging Experiments. Raw photofragment images for I( 2 P 3/2 ) and I( 2 P 1/2 ) (hereafter referred to as I and I*, respectively) are shown in Figure 1 . The electric field vector of the laser is vertical in the plane of the image. The images represent 2D projections of the 3D velocity distributions. Conversion of the raw images into speed and angular distributions was achieved using the basis set expansion program (BASEX) for image reconstruction developed by Reisler and co-workers. 33 The photofragment angular distributions can be described by the form 34 where is the spatial anisotropy parameter and P 2 (cosθ) is the second Legendre polynomial. We have determined a best fit speed-independent anisotropy parameter of ) 1.4 ( 0.1 for both channels, consistent with a parallel transition to a repulsive excited-state potential.
The I/I* branching ratio was determined by integration of the Doppler profiles for the I/I* transitions using identical laser power. The integrated Doppler profiles were weighted by the relative detection efficiencies of I and I* at 266 nm. 35 Independent confirmation of the detection efficiencies was Figure 1 . Raw ion images for I( 2 P3/2) (left) and I( 2 P1/2) (right) atoms from the photodissociation of 1-iodo-2-butene-3-ol at 266 nm.
obtained using the photodissociation of CH 3 I at 266 nm. Based on this analysis, we have determined fractional yields for I and I* of 0.12 and 0.88, respectively. The energy partitioning and I/I* branching ratio are very similar to the results of previous alkyl iodide photolysis near 260 nm. 36, 37, 38 The internal energy distribution of the nascent radicals formed in coincidence with either I or I* products can be obtained from the measured translational energy distributions of I and I* using energy conservation where D 0 0 (C-I) is the C-I bond dissociation energy, calculated at the B3LYP/6-311G ** level of theory to be 47.7 kcal/mol, 39 E SO (I) is the iodine spin-orbit energy, and E R,V (C 4 H 6 OH) is the rovibrational energy content of the -hydroxyalkyl radical. The final energy distribution is shown as the solid line in Figure  2 . For comparison a 300 K Boltzmann energy distribution, shifted by the exothermicity of the addition of OH to the inner position of 1,3-butadiene, as would be predicted for chemical activation, is shown as the dashed line in Figure 2 . The distributions are qualitatively similar suggesting that the subsequent kinetics of the radicals produced via photolysis of 1-iodo-3-buten-2-ol should effectively mimic the radicals formed by thermal recombination. 40 The measured internal energy distribution is bimodal as a result of the large spin-orbit splitting between the two atomic states of iodine. The small peak, centered around 40 kcal/mol, corresponds to the ground state I; whereas, the large peak centered around 22 kcal/mol corresponds to I*. The relative heights of these peaks reflect the I/I* branching ratio. Since the I/I* branching ratio will be dependent on the dissociation wavelength and a change to this ratio can significantly alter the nascent energy distribution, careful measurements of the I/I* ratio must be performed to assess this affect. Increasing the dissociation wavelength could, in fact, result in an internal energy distribution of nascent hydroxyalkyl radicals which is hotter than that at 266 nm if the I/I* branching ratio increased.
B. Calculations of the Cyclic Isomerization Reactions. Quantum chemical calculations using the Gaussian 03 41 software package were performed to provide all relevant energetics, geometries, and frequencies to obtain state counts as a function of energy for the Η-butadiene adduct radical cyclic isomerization reaction. The highest level calculations performed, which were used in the kinetic modeling, include optimized geometries of reactants, intermediate species, products, and transition states using density functional theory (DFT). Becke's three-parameter hybrid method employing the LYP correlation functional (B3LYP) 42, 43 in conjunction with the Pople-style triple-split valence polarized basis sets was used (6-311++G ** ). 44, 45 Singlepoint energy calculations were performed on these geometries using coupled-cluster theory with single and double excitations with perturbative inclusion of the triples contribution (CCSD-(T)) 46, 47 with the Dunning-style triple-basis sets (cc-pVTZ). 48 Energies from density functional theory and ab initio calculations are listed in Table 1 and a schematic energy diagram is shown in Figure 3 .
The initially activated -hydroxyalkyl radicals are subject to a competition between collisional stabilization, dissociation, and isomerization. 23 We have employed RRKM theory coupled with the master equation (ME) formalism to calculate reaction rate constants as well as branching ratios among the isomers and into the dissociative channel, to give 1,3-butadiene and OH. Since the OH-butadiene radicals isomerize through well-defined transition states along the potential energy surface, standard (nonvariational) RRKM theory can be used to calculate microcanonical rates. An accurate description of the dissociation of the OH-butadiene adduct requires a two transition state model, which includes variational treatments of both the inner and the outer transition states. Recently, this treatment has been applied to the case of the hydroxyl radical addition to ethylene. 49 At high temperatures, the outer transition state becomes unimportant and the kinetic model can be accurately approximated by including only the flux through the inner transition state. At 300 K, the inner transition state serves as the dominant bottleneck such that an inclusion of both transition states only reduces the rate by 30%. Furthermore, high level ab initio calculations revealed that the potential energy surface for the adduct dissociation includes a saddle point below the asymptotic energy of separated products and the saddle point appears at carbon-oxygen separation distances of approximately 2.2 Å. For the purposes of this model, a 2.2 Å carbon-oxygen separation was assumed to adequately describe the saddle point for the adduct dissociation channel. A B3LYP/6-311++G ** geometry optimization constraining the carbon-oxygen bond distance to 2.2 Å and frequency calculation were used to determine harmonic frequencies and rotational constants in order to evaluate the microcanonical number of states for the adduct dissociation channel. The threshold energy was assumed to be the asymptotic energy for separated 1,3-butadiene and OH. Neglecting variational effects introduces an error of less than 15% to the dissociation rate in the case of ethylene and has, therefore, been excluded from the current work. CCSD(T)/cc-pVTZ//B3LYP/6-311++G ** energies, unscaled vibrational frequencies, and rotational constants were used to calculate the RRKM rate constants through the transition states. For all species, the density and sum of states were obtained through an exact count procedure by the Stein-Rabinovitch extension 50 of the Beyer-Swinehart algorithm 51 implemented in the MultiWell program suite. 52, 53 There was no reaction path degeneracy for the isomerization reactions. The dissociation channel for the OH-butadiene adduct was considered to be irreversible, and the isomerization steps were considered to be reversible. The transformation from the microcanonical rates to thermal rate constants and the short-time evolution of the initial OH-butadiene radical distribution were treated using the one-dimensional, energy-grained ME formalism. Implementation of the ME formalism includes activation and deactivation processes as well as unimolecular rate constants for reacting molecules. [52] [53] [54] The strong collision approximation is not valid for the treatment of small monatomic or diatomic colliders such as Ar or N 2 . A more appropriate treatment includes a weak collision model, which has been implemented by applying the exponential down model of energy transfer. We have calculated collision frequencies based on a Lennard-Jones interaction potential. The necessary quantities for the self-collisions of many bath gases (e.g. Ar and N 2 ) and several reactant molecules are listed in the literature. 54 In the case of the hydroxyalkyl radicals, it is necessary to estimate and σ since these are not available. We calculated their values using empirical formulas. 54 The values of ) 225.6 and 146.4 K and σ ) 4.5 and 4.8 Å have been adopted as Lennard-Jones parameters for the interactions between the hydroxyalkyl radicals with Ar and N 2 , respectively. The average collisional energy transfer parameter (〈∆E down 〉) was chosen to be 300 cm -1 as molecules of similar size have been shown to have experimentally determined collisional energy transfer parameters in the neighborhood of 300 cm -1 . 54 A change in the average collisional energy transfer (〈∆E down 〉) by (100 cm -1 results in a change of less than (14% in the final steady-state population of 2a under the present laboratory conditions. Simulations using tropospheric conditions exhibit a change of (16%. Increasing 〈∆E down 〉, as with increasing the pressure or decreasing the temperature, results in a larger initial fraction of -hydroxyalkyl radicals, reflecting more efficient collisional stabilization.
The present calculations focus on the prediction of the branching ratio between R-and -hydroxyalkyl radicals to help explain the observed kinetic data shown in section IIIC. The measured internal energy distribution for the nascent -hydroxyalkyl radicals from the photodissociation experiment was used as an initial energy distribution for a simulation at 50 Torr in an argon bath gas to model the chemistry in the laboratory experiments presented in section IIIC. RRKM/ME calculations were performed at 298 K and 760 Torr in a nitrogen atmosphere, applicable to tropospheric conditions, where a Boltzmann distribution, shifted by the exothermicity of the addition reaction, was used for the initial energy distribution of -hydroxyalkyl radicals. 55 The fractional populations of the isomers as a function of time following photolytic preparation and under laboratory conditions are shown as the solid lines in Figure 4 .
At 50 Torr total pressure in Ar and 298 K, the conditions of the present experiment, the fractional populations of isomers 2a, 2b, and 2c reach quasi-steady-state values after 1 × 10 -8 s, which can be considered prompt on the time scale of subsequent reaction with O 2 . While the R-hydroxyalkyl radical is thermodynamically favored, the approach to equilibrium, which results in the quantitative conversion to the R-hydroxyalkyl radical, occurs at a significantly slower rate following initial collisional stabilization. At the smallest and largest O 2 concentrations used in the kinetics experiment, the lifetimes of the -hydroxyalkyl radical in the presence of O 2 are 1 ms and 300 µs, which is faster than the approach to equilibrium.
In the troposphere, the fractional populations of isomers 2a, 2b, and 2c reach quasi-steady-state values faster than 1 × 10 -8 s, which can also be considered prompt on the time scale of subsequent reactivity. The lifetime of -hydroxyalkyl radicals in the troposphere is less than 1 µs. The ratio of -hydroxyalkyl radicals to R-hydroxyalkyl radicals in the troposphere is essentially determined by the initial collisional stabilization, where the majority of the population (0.64) is already in the R-hydroxyalkyl radical form. Since the fractional populations of R-hydroxyalkyl radicals and -hydroxyalkyl radicals do not change significantly both in the temperature range from 240 to 340 K at 760 Torr and in the pressure range from 50 to 760 Torr at 298 K, we predict that the reactions of both -hydroxyalkyl radicals and R-hydroxyalkyl radicals with molecular oxygen are important pathways in the atmosphere when considering OH addition to the inner positions of conjugated olefins. Quasi-steady-state fractional populations as a function of condition are provided inTable 2.
C. The Kinetics of OD Formation. The kinetics studies seek to confirm the importance of the -hydroxyalkyl radical isomerization pathway and to determine the 298 K rate constant for the O 2 reaction with the R-hydroxyalkyl radical. These experiments rely on the measurement of time-dependent OD formation as a function of O 2 and NO concentrations to provide information about the rate constants of intermediate reactions.
The technique has been shown to be effective with judicious choice of experimental conditions guided by sensitivity analysis. 14, 56 We observe prompt OD signal following photolysis even in the absence of O 2 and NO. This signal is the result of the small fraction of highly excited hydroxyalkyl radicals (Figure 2 ) which undergo decomposition to OD and 1,3-butadiene prior to collisional stabilization, and is predicted by the RRKM/ME calculations in section IIIB. In the absence of O 2 and NO, this OD signal exhibits an exponential decay due to reaction with the 1-iodo-3-buten-2-ol precursor. We have determined the rate constant for the reaction of OD with 1-iodo-3-buten-2-ol (nondeuterated) at 298 ( 2 K and 50 Torr total pressure using D 2 O 2 photolysis at 248 nm as a source of OD. 57 D 2 O 2 was prepared from the hydrogen-deuterium exchange of a D 2 O/ H 2 O 2 solution and detailed information is available elsewhere. 14 Figure 5 shows a typical set of measured pseudo-first-order OD decay rates versus 1-iodo-3-buten-2-ol concentrations. Each OD decay was averaged for up to 100 shots and typically followed over 2 orders of magnitude. We have determined a bimolecular rate constant of (1.5 ( 0.1) × 10 -11 molecule -1 cm 3 s -1 where the error bars reflect 2σ on the linear fit to the data. Based on the previous studies of the OH/OD reaction with unsaturated hydrocarbons, we believe that the measured rate constant can be considered close to the high-pressure-limit value.
In the presence of O 2 and NO, photolysis of the monodeuterated iodohydrin precursor results in an OD signal that exhibits an initial rise over ∼80 µs ( Figure 7) followed by a long time decay (inset). We find that the long time decay is not consistent with the reaction with 1-iodo-3-buten-2-ol as the sole OD sink but involves a more complex set of reactions including OD cycling from the precursor analogous to the isoprene system that has been recently studied. 10, 11, 14 A full investigation of this set of reactions is beyond the scope of the present work. Based on sensitivity analysis (vide infra), we focus our attention on the initial OD formation at short times (<80 µs) where the kinetics are dominated by a limited number of reactions.
The RRKM/ME results, discussed in section IIIB, demonstrate that the cyclic isomerization and collisional deactivation of the nascent -hydroxyalkyl radicals is "prompt" on the time scale of the subsequent kinetics. As a result, the starting conditions for the kinetics fix the initial concentration of OD and initial concentrations of -hydroxyalkyl and R-hydroxyalkyl radicals, the later two species being potential sources of OD in the presence of O 2 and NO. The formation of OD from the two hydroxyalkyl radicals occurs by significantly different mechanisms, and this difference permits isolation of the reaction of R-hydroxyalkyl radical with O 2 . The production of OD from -hydroxyalkyl radicals involves several intermediate steps ( Figure 6 ): the addition of O 2 , 58 the reaction of the resulting a All temperatures are modeled by the shifted Boltzmann except for hv, which is the internal energy distribution measured by VELMI. b Argon bath gas and populations taken at t ) 1 × 10 -7 s. c N2 bath gas and populations taken at t ) 1 × 10 -8 s. Figure 5 . Pseudo-first-order rate constants vs 1-iodo-3-buten-2-ol concentration for the reaction between OD and 1-iodo-3-buten-2-ol. Figure 6 . Reaction mechanisms for the subsequent reactivity of the R-and -hydroxyalkyl radicals in the presence of O2 and NO. Scheme A is the reaction mechanism for the -hydroxyalkyl radical, where Scheme B is the reaction mechanism for the R-hydroxyalkyl radical.
peroxy radicals with NO to form alkoxy radicals, decomposition of these radicals, the reaction of the decomposition products with O 2 to yield DO 2 , and finally the conversion of DO 2 to OD via reaction with NO. Recent OH/OD cycling experiments on isoprene, 14 for which the -hydroxyalkyl radicals are the dominant species following OH/OD addition, suggest that, under the conditions employed in the present experiment, the time scale of OD formation from the -hydroxyalkyl radicals should occur on the order of >200 µs. In contrast, the formation of OD from R-hydroxyalkyl radicals requires only two reaction steps ( Figure 6 ): D abstraction by O 2 followed by conversion of the DO 2 to OD by reaction with NO. Figure 7 shows a typical set of time-dependent OD data using concentrations of 1-iodo-3-buten-2-ol and NO of 6. 59 was used to simulate the kinetics data and the sensitivity analysis was performed using the same software. Initial simulations of the OD curves involved a large set of reactions which included the fate of the radicals arising from OD addition to 1-iodo-3-buten-2-ol and subsequent steps up until OD regeneration. An abridged set of 16 reactions used in the kinetics simulations shown in Figures 7 and 8 , and selected based on sensitivity analysis, is given in Table 3 along with the rate constants corresponding to each step. Although the simulations are not sensitive to the absolute concentrations of prompt OD, R-hydroxyalkyl radical, and -hydroxyalkyl radical, the relatiVe concentrations of these species are coupled since all three species are related to the short time fate of the nascent -hydroxyalkyl radicals. The initial concentration of nascent -hydroxyalkyl radicals is determined by estimating the fraction of 1-iodo-3-buten-2-ol photolyzed at 266 nm. 60 To fit the data, we must include a contribution of "prompt" OD equal to (5 ( 3)% of the nascent -hydroxyalkyl radical concentration. This yield is qualitatively consistent with our RRKM/ME present work Figure 7 . Temporal OD fluorescence intensity at several O2 concentrations. The curves have been offset for clarity. Symbols represent experimental data and solid lines represent the fits using the reaction mechanism and rate constants in Table 3 calculations. The best fits of the simulations to the data are shown as solid lines in Figures 7 and 8 . The dashed lines in Figure 7 represent the simulations predicted if the kinetics involved no R-hydroxyalkyl radicals, i.e., the cyclization reaction is negligible. These simulations exhibit an exponential decay of the initial OD, due to the reaction with the precursor, and level off at much longer times due to OD cycling. 10, 13, 14 Figure  9 shows normalized sensitivity coefficients for all the rate constants in the abridged reaction mechanism evaluated at 30 µs and NO and O 2 concentrations of 6.49 × 10 14 and 8.40 × 10 14 molecules cm -3 , respectively. The figure demonstrates that the OD concentration profiles depend sensitively on few rate constants, in particular, the relative branching between R-hydroxyalkyl and -hydroxyalkyl radicals (k 1 and k 2 ), 61 the rate of O 2 reaction with R-hydroxyalkyl radicals (k 3 ), the rate constant for the reaction between NO and DO 2 (k 13 ), and the rate between OD and 1-iodo-3-buten-2-ol (k 16 ). The rate constant between NO and DO 2 (k 13 ) is well established as 1.1(0.4 × 10 -11 cm 3 molecules -1 s -1 , 62,63 and we have determined a rate constant of 1.5(0.1 × 10 -11 cm 3 molecules -1 s -1 for the reaction between OD and the photolytic precursor (k 16 ) in the present work. The simulations are relatively insensitive to the remaining rate constants at short times. Figure 10 shows the normalized sensitivity coefficient for the rate constant associated with O 2 reaction with the R-hydroxyalkyl radical as a function of reaction time and O 2 concentration.
We find that good agreement between the data and the simulations can be achieved using an initial distribution corresponding to (70 ( 20)% R-hydroxyalkyl and (30 ( 20)% -hydroxyalkyl radicals, which is consistent with the RRKM/ ME predictions. Further experimental work as a function of total pressure and bath gas would provide additional constraints on this branching ratio and assess the accuracy of the theoretical calculations. We have determined a value of (3.3 ( 1.0) × 10 -11 cm 3 molecules -1 s -1 for D-abstraction from the R-hydroxyalkyl radicals by O 2 at 298 ( 2 K. 64 This value is within the range of 1.2 × 10 -11 to 3.7 × 10 -11 cm 3 molecules -1 s -1 reported by Miyoshi and co-workers 27 for several R-hydroxyalkyl radicals with O 2 . The invariance in this rate constant upon isotopic substitution (i.e., OH from the photolysis of nondeuterated precursor) is consistent with a mechanism that involves O 2 addition followed by HO 2 /DO 2 elimination. [65] [66] [67] In addition, this observation also serves to limit the possible origin of the early time OH/OD in these experiments.
IV. Conclusions
We have demonstrated a photolytic route to studying isomeric selective kinetics of OH-initiated oxidation of unsaturated hydrocarbons using the UV photolysis of iodohydrins. The present study focuses on the reactivity of the nascent -hydroxyalkyl radical formed when butadiene undergoes oxidation by hydroxyl radical addition. Velocity map ion imaging permits the direct determination of the internal energy distribution of the nascent radical ensuring that the energy distribution of the radicals can be "tuned" to mimic the kinetics of radicals formed from electrophilic-OH addition. The theoretical predictions modeling isomerization vs collisional relaxation of the -hydroxyalkyl radicals predict a significant proportion of -hydroxyalkyl radicals isomerize to the R-hydroxyalkyl radical form before collisional relaxation. Early time OD generation during the kinetics experiments offers conclusive evidence supporting the cyclic isomerization to R-hydroxyalkyl radicals. 
